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RECORDING  ELECTRICAL  IHSTRUIIEIIT 

I. 

IRTRODITCTIOTT 

It  is  often  desirable  to  keep  a  continuous  record  of  the 
current t  voltage,  and  other  conditions  in  an  electrical  circuit, 
and  for  such  a  imrpose  various  types  of  recording  instruments 
have  "been  developed.     As  ordinarily  constructed,  such  instruments 
consist  of  an  indicating  type  of  meter  arranged  to  operate  a  pen 
whose  position  across  a  chart  or  paper  is  an  indication  of  the 
quantity  measured.     The  chart  or  paper  being  mc-,de  to  move  under 
the  pen,  a  continuous  record  of  the  meter  readings  is  obtained. 

There  is  a  growing  demand  for  a  recording  meter  which  shall 
be  direct-reading,  have  a  uniform  scale,  and  a  straight  ordinate. 

The  direct-reading  feature  is  desired  to  avoid  the  necessity  of 
having  an  indicating  instrument  in  connection  with  the  recording 
one,  which  means  duplication,  and  also  to  provide  a  convenient 
means  of  checking  up  the  calibration  of  the  recording  instrument. 
The  uniform  scale  and  straight  ordinate  are  desirable  for  two 
reasons:   fl)  in  order  that  the  reading  at  any  point  on  the  curve 
may  be  obtained  directly  from  the  curve  by  scaling  off,  that  is, 
by  direct  measurement,  and  (2)  in  order  that  the  curve  traced  by 
the  instrument  may  be  integrated  b^  an  ordinary  planimeter.  This 
latter  feature  is  especially  desirable  for  ammeters  and  wattmeters, 
as  the  are^  under  the  curve  is  ....  measure  of  the  total  ampere-hours 
and  the  total  watt-hours,  respectively,  for  the  period  under 
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consideration. 

In  addition  to  the  above  qualifications,  a  recording 
instrument  must  be  fairly  quick-ac ting,  in  order  that  sudden 
variations  in  the  readings  may  be  accurately  recorded;  must  have 
8  small  moment  of  inertia  in  order  that  it  may  follow  rapid 
fluctuations;     and  must  have  a  high  torque  in  order  that  the 
error  introduced  by  the  friction  of  the  recording  mechanism  may 
be  within    allowable  limits. 

There  are  a  number  of  recording  inst rumen ts  of  various 
types  on  the  market  at  present,  but  none  of  them  have  all  the 
desirable  features  outlined  above.     One  com  .only -used  form  is 
made  by  the  Bristol  Company.     The  esrential  features  of  this 
type  of  instrument  are:     a  plunger  working  within  a  solenoid 
through  which  the  current  to  be  measured  passes,  a  tracing-pen 
operated  by  the  movement  of  the  plunger  through  a  lever  mechanism, 
and  a  chart  revolved  e t  a  uniform  speed  upon  which  the  pen  traces 
a  curve.     This  meter  is  entirely   satisfactory  for  some  classes 
of  work,  but  it  has  the  disadvantages  that  the  ordinate  is  curved 
and  the  chax t  itself  is  curved,  so  that  it  cannot  be  integrated 
except  by  a  special  form  of  planimcter.     The  apparatus  is  not 
suited  to  case;,  where  it  is  desired  to  obtain  the  record  on  a 
long  paper  strip. 

Another  type  of  recording  meter  is  known  as  the  Armstrong 
meter  and  is  made  by  the  General  Electric  Company.     The  meter 
element  consists  of  two  stationary  coils  which  carry  the  current 
to  be  measured,  .....da  moving  coil  ..  .ich  is  supplied  with  a  constant 
current  from  a  storage  battery.     The  moving  coil  operates  a 
tracing-arm  carrying  a  pen,  which  traces  a  curve  on  a  continuous 


3. 

paper  strip  fed  through  the  meter  by  clock-work.     This  i.ieter 
possesses  a  sufficiently  high  torque  to  operate  satisfactorily, 
but  it  is  sub.iect  to  errors  due  to  the  variation  of  the  current 
supplied  by  the  storege  battery,  and  also  ]  as  the  disadvantage 
of  having  a  curved  ordinate. 

The  Esterline  Company  make  a  line  of  meters  which  are  very 
satisfactory,  the  only  drawback  to  their  use  being  the  fact  that 
the  ordinate  is  curved.     The  direct  current  meters  are  of  the 
D'Arsonval  type,  employing  a  moving  coil  through  which  the  current 
to  be  measured  is  passed,  working  in  the  field  of  a  permanent 
magnet.     The  moving  coil  operates  a  tracing-arm  to  the  end  of 
which  is  attached  a  pen.     The  record  is  made  on  a  continuous 
paper  strip  fed  through  the  meter  b  clock-work. 

The  Westlnghou.se  Company  manufacture  a  recording  meter 
which  possesses   the  advantages  of  high  torque  and  straight 
ordinate,  but  it  is  ooo  slow  to  be  used  with  rapidly  fluctuating 
loads.     It  is  a  relay-operated  instrument,  the  movement  of  the 
tracing-arm  being  controlled  by  solenoids  energised  from  a  separate 
circuit,  through  contact  devices  on  the  meter  coils.     Owing  to  this 
relay  arrangment,  the  meter  is  slow  to  respond  to  euddei  variations 
in  current,  and  is  not  sufficiently  quick-acting  to  satisfy  the 
requirements. 

The  prinoi]  i'i  trouble  experienced  in  most  of  the  meters  r'ust 
described  is  in  securing  a  rectified  ordinate.     Cne  method  of 
accomplishing  this,  quite  extensively  used,  is  by  the  use  of  the 
Jump-Spark  rectifier.  Any  ordinary  form  of  indicating  meter  may  be 

used,  with  the  pointer  or  needle  playing  over  a  scale  in  the  arc 
of  a  circle.     Under  the  scale  a  large  number  of  metal  strips  are 
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placed  side  by  side,  and  arranged  radially.     Each  of  these  strips 

is  electrically  connected  by  means  of  a  v;ire  to  a  similar  strip 

placed  under  the  paper  on  which  the  record  is  to  be  traced,  these 

strips  being  arranged  in  the  same  order  i  S  those  under  the  meter 

scale,  but  in  a  straight  line  instead  of  in  an  arc.     One  terminal 

of  the  high-voltage  winding  of  a  jump-spark  ©oil  is  connected  to 

a  metal  bar  placed  just  above  the  meter  needle,  and  the  other 

terminal  is  connected  to  a  similar  bar  placed  immediately  over  the 

row  of  strips,  with  the  paper  between  the  bar  and  the  strips. 

V.'hen  the  coil  is  in  operation,  the  sparks  jump  from  the  first  bar 

to  the  meter  needle,  then  from  the  tip  of  the  needle  to  whichever 

strip  is  beneath  it,  passing  through  the  wire  connected  there. .ith 

to  the  corresponding  strip  under  the  paper,  jumping  through  the 

paper  to  th<    bar  on  its  upper  side  and  thence  back  to  the  coil. 

whore  the  spark  p;  sses  through  the  paper  it  makes  a  small  hole,  or, 

if  the  paper  is  chemically  prepared,  leaves  z  colored  spot.  Jhe 

record  thus  consists  of  a  series  of  holey,  forming  a  more  or  less 

continuous  curve.     ..ith  this  type  of  recording  mechanisn,  any 

ordinary  meter  may  be  used,  as  the  requirement  of  high  torque  is 

avoided,  and  .  t  the  same  time  a  rectified  scale,  as  well  as  a 

uniform  one  if  desired,  is  obtained.     But  the  apparatus  is  rather 

complicated  and  difficult  to  keep  in  order,  and  the  record  obtained 

is  not  very  good,  because  it  consists  of  a  series  of  points  rather 

than  a  continuous  curve,  and  at  times  the  jumping  of  the  sparhs 

be 

is  very  likely  to A irregular  so  that  several  holes  are  made  at  the 
same  time,  making  the  record  rather  blurred. 

It  is  evident  that  none  of  the  commercial  forms  of  recording 
meters  fulfill  all  of  the  conditions  required  for  a  perfect 
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recording  instrument,     rj?he  necessity  of  having  a  meter  which  v/ould 
give  a  straight  ordinate  and  a  uniform  scale,  in  order  that  the 
curve  traced  by  it  could  be  integrated  .vith  an  ordinary  planimeter, 
v/as  felt,  and  it  was  believed  possible  to  improve  on  the  commercial 
meters  in  this  respect.     j"o  that  end,  the  design  of  a  recording 
meter  with  these  characteristics  v/as  undertaken. 
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II. 

OUTLIIIE  OF  SESIGIT. 

The  problem  of  the  design  of  a  recording  meter  arose  in 
connection  with  the  building  of  an  electric  test-car  for  the  Railway 
Engineering  Department  of  the  University  of  Illinois.     In  test-car 
work  a  continuous  record  of  a  number  of  measurements  is  made  on  a 
wide  strip  of  paper,  which  is  fed  across  a  table  on  which  the 
recording  apparatus  is  placed,  by  means  of  a  driving  mechanism.  On 
this  paper  it  was  desired  to  trace  a  continuous  record  of  trolley 
voltage,  motor  voltage,  and  total  current  taken  by  the  car  motors. 
The  standard  form  of  recording  mechanism  used  in  test-cars  consists 
essentially  of  a  light  slender  rod,  supported  in  a  horizontal 
position  a  few  inches  above  the  paper  and  sliding  in  two  or  more 
plain  bearings.     This  rod  carries  a  light  arm  at  right  angles  to 
its  length,  at  the  end  of  which  is  attached  a  self-inking  pen 
resting  on  the  paper. 

For  this  class  of  work  it  is  very  important  that  the 
recording  meters  have  a  uniform  scale  with  a  rectified  ordinate, 
in  order  that  the  curves  may  "be  integrated  readily,  and  that 
instantaneous  readings  may  be  obtained  directly  from  the  curve  by 
direct  measurement.     The  problem  in  this  case  was  to  design  a  set 
of  direct  current  meters  that  could  be  adapted  to  the  standard 
form  of  recording  mechanism,  and  would  fulfill  the  requirements 
for  recording  instruments  outlined  in  the  previous  chapter.  The 
meters  were  to  consist  of  an  ammeter  with  a  maximum  current  - 
measuring  capacity  of  400  amperes,  and  two  voltmeters,  one  for 
reading  the  trolley  voltage  and  the  other  for  reading  the  motor 
voltage,  both  to  be  adapted  to  read  voltages  as  high  as  GOO  volts. 
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After  studying  all  the  commercial  forms  of  meters,  it  was 
decided  that  the  most  practicable  type  to  use  was  the  D'Arsonval. 
Of  the  various  other  types,  the  dynamometer  type  was  rejected  at 
the  outset  because  it  inherently  gives  a  deflection  proportional 
to  the  square  of  the  current  in  the  coils,  and  could  not  be  used 
to  give  a  uniform  scale  without  the  use  of  some  complicated  and 
friction-creating  rectifying  mechanism.     The  plunger  tyre  of 
instrument  is  subject  to  errors  due  to  hysteresis  in  the  iron 
plunger  and  variation  in  the  permeability  of  the  iron.     The  hot- 
wire instrument  was  not  considered  quick-acting  enough  for  this 
purpose,  nor  capable  of  being  adapted  to  this  use  on  account  of 
the  fact  that  its  deflection  is  proportional  to  the  square  of  the 
current.     The  sole  remaining  type  is  that  employing  the  D'Arsonval 
principle,  but  using  an  electromagnet  excited  from  a  storage 
battery  in  place  of  a  permanent  magnet.     The  inherent  difficulty 
with  this  type  of  instrument  is  the  variation  in  flux  due  to 
variation  in  the  Voltage  of  the  storage  battery.     The   supply  of 
current  for  the  electromagnet  might  be  fegulated  by  hand,  which 
would  entail  considerable  trouble  and  would  not  ensure  an  absolutely 
steady  current,  or  it  might  be  controlled  by  an  automatic  regulator, 
which  would  add  to  the  complication  of  the  instrument  and  would 
be  undesirable. 

The  D'Arsonval  type  of  meter  consists  essentially  of  a 
movable  coil  of  wire  mounted  between  the  poles  of  a  permanent 
magnet.  If  the  magnet  is  well  aged,  the  instrument  will  hold 
its  calibration  for  an  indefinite  length  of  time.  The  principal 
reason  for  preferring  this  type  of  motor  is  the  fact  that  the 
deflection  is  directly  proportional  to  the  current  in  the  coil. 
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The  principal  disadvantage  is  bhe  great  weight  of  this  type  as 
compared  to  other  types,  but  this  would  be  of  snail  matter  in 
anything  but  a  portable  met.  r,  arid  hence  is  of  little  consequence* 

The  selection  of  the  D'Arsonvrl  type  as  the  basis  for  the 
design  of  this  meter  narro.vs  the  problem  down  to  fairly  defir.ite 
limits.     The  three  principal  items  of  design  are  the  magnetic 
circuit,  the  electric  circuit,  and  the  mechanical  details.  In 
connection  with  the  magnetic  circuit  it  will  be  necessary  to 
determine  the  length  and  section  of  the  magnets,    and  the  length 
and  section  of  the  air-gap,  all  of  which  affect  the  flux  density 
in  the  air-gap.     The  design  of  the  electric  circuit  calls  for  the 
selection  of  proper  sizes  of  conductors  to  keep  the  heating  within 
safe  limits,  and  the  insulation  of  these  cor.  due  tors.     An  item  of 
ro  small  importance  is  the  design  of  some  method  of  getting  the 
current  to  the  movi  g  coil.     The  mechanical  features  include  the 
arrangement  of  the  conductors,  the  method  of  supporting  the  moving 
element,  and  the  method  of  applying  the  motion  of  the  coil  to  the 
recording  apparatus.     The  question  of  friction  is  an  important  one, 
as  it  is  the  friction  principally  that  determines  the  amount  of 
force  the  coil  must  develop. 

In  order  that  the  errors  introduced  by  friction  may  be  kept 
within  allowable  limits,  it  is  first  necessary  to  decide  on  whet 
the  allowable  limits  shall  be;  that  is,    n  what  degree  of  accuracy 
will  be  required.     Then  the  probable  amount  of  friction  must  be 
estimated,  from  experiments  or  otherwise,  and  from  this  as  a  basis 
the  force  to  be  developed  by  the  coil  nay  be  calculated. 

The  force  developed  by  the  moving  coil  of  a  D'Arsonval 
meter  is  given  by  the  formula  for  the  force  exerted  on  a  conductor 
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carrying  a  current  in  a  magnetic  field: 

F  «  nILH 
where  F  =  force  in  dynes, 

n  -  number  of  conductors, 

I  -  current  in  c.g.s  units  (    10  amperes), 

I  -  length  of  conductor  in  centimeters, 

B  =  flux  density  in  the  magnetic  field,  maxwells/en . cm. 
Of  the  quantities  in  this  formula  to  be  determined,  the  least  is 
known  about  the  flux  density  B    and  the  laws  governing  its 
variation.    Hence  it  is  advisable  to  first  investigate  the 
properties  of  permanent  magnets,  in  order  to  have  something 
definite  to  work  on.     The  current  is  fixed,  within  certain  limits, 
being  400  amperes  for  the  ammeter  and  not  more  than  one  or  two 
amperes  for  the  voltmeter.     The  other  factors,  n  and    L,    must  be 
determined  by  the  judgment  of  the  designer,  in  connection  of  course 
with  the  other  quantities. 

The  general  mechanical  arrangement  of  the  meter  and  recording 
device  is  largely  a  matter  of  judgment  or,  the  part  of  the  designer. 
In  this  particular  case,  it  was  almost  necessary  to  place  the 
meter  proper  under  the  table  on  which  the  recording  apparatus  was 
mounted.     It  was  decided  that  the  best  means  of  connecting  the 
moving  coil  to  the  rod  of  the  recorder  was  by  means  of  two  flexible 
wires  or  inelastic  cords,  one  attached  to  each  end  of  the  rod. 
The  other  ends  of  the  two  cords  were  planned  to  be  attached  to 
a  circular  disc  or  sector  on  the  coil,  which  would  rectify  the 
motion  of  the  coil  and  make  the  Movement  of  the  rod  longitudinally 
directly  proportional  to  the  movement  of  the  coil.     The  idea  in 
having  two  cords  was  to  bale  nee  the  pull  on  the  coil,  in  order  that 
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BgERij  ^:t?al  data. 

The  first  thing  to  be  determined  in  connection  with  the 

design  of  the  meter  was  the  friction  that  might  be  expected.  The 

type  of  recording  apparatus  to  he  used  was  standard,  and  bo  it 

was  decided  to  make  some  measurements  of  the  friction  iei  similar 

apparatus  already  installed.     Test-Gar  ITo •  17  of  the  Illinois 

Central  hailroad contains  such  an  apparatus,  and  a  series  of 

measurements  of  the  friction  of  the  rods  and  pens  in  this  car 

not 

were  made.     It  must  he  admitted  that  these  results  were,,  very 
acciirate,  since  the  only  scale  available  was  a  postal  scale,  the 
smallest  scale  division  of  which  was  one-quarter  ounce.  The 
measurements  were  made  by  pushing  the  rods  alon^  with  the  .jale 
platform,  and  noting  the  reading  of  the  scale.     The  results  are 
given  in  the  tables  on  va.^e  43. 

The  next  thing  to  be  determined  was  the  relation  between 
the  flux  density  in  the  air-gap,  B,  and  the  dimensions  of  the 
magnet  and  gap.     An  extensive  bibliography  of  articles  in  books 
and  periodicals  relating  to  permanent  magnets  was  investigated, 
without  much  success.     A  little  general  information  on  retentivity 
was  obtained,  .".owever. 

The  retentivity  of  steel  varies  greatly  .with  the  dimension 
ratio,  which  is  the  ratio  of  the  length  to  the  diameter  or 
thickness.     The  retentivity  of  a  bar  ./hose  dimension  ratio  is  10 
taken  as  unity,  the  retentivity  of  one  whose  dimension  ratio  is 
20  is  about  two,  and  that  of  one  "./hose  dimension  ratio  is  30  is 
about  three.     With  dimension  ratios  above  50,  however,  the 

(11) 
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retentivity  does  not  Increase  so  fast,  being  only  about  four  for 
a  bar  with  a  dimension  ratio  of  100.      Glass-hard  piano-steel  wire 
has  a  retentivity  of  9,500  and  a  coercive  force  of  about  45  (in 
c.g.s.  units),  with  a  dimension    ratio  of  400,  according  to  Ewing. 
Mechanically  hard  steel  is  usually  electrically  "hard" ,  and  in 
general  the  harder  the  steel  the  higher  the  retentivity.  Chromium 
and  tungsten  increase  the  coercive  force  immensely,  the  coercive 
force  for  tungsten  steel  being  about  50  c.g.s.  units.     In  general, 
the  tungsten  steels  seem  to  be  the  best  for  magnets,  as  they  have 

p 

both  higher  retentivity  and  higher  coercive  force  th--n  other  steels. 
According  to  Hopkinson,  the  maximum  coercive  force  for  very  hard 
tungsten  steel  is  about  50,  with  a  retentivity  of  6,300.  One 
specimen  of  oil-hardened  tungsten  steel  gave  a  retentivity  of  8,600 
with  a  coercive  force  of  about  47. 

It  was  decided  that  it  would  be  necessary  to  have  more 
complete  data  on  the  magnetization  of  hard  steel  and  the  flux  from 
permanent  magnets,  and  to  this  end  a  number  of  experiments  were 
made.     The  magnets  used  in  commercial  instruments,  magnetos,  etc, 
seemed  to  present  the  best  material  for  study, in  the  absence  of 
other  specimens,  and  it  was  believed  that  such  magnets  also 
represented  the  commercial  possibilities  in  the  matter  of  ageing, 
coercive  force,  etc.,  better  than  any  prepared  specimens  could. 

In  the  first  experiments,  a  magneto  used  in  connection  with 
a  voltmeter  as  a  speed-indicator  and  made  by  the  Dayton  Electric  Co., 

1.  Philosophical  Transactions  of  the  Royal  Society,  Series  A,  Vol. £51. 

"Experimental  Researches  on  Brawn  Steel."-  J.R.Ashworth. 

2 .  Phi 1 . Trans . 1885 , Vol . 176 , pp . 465f f .  "Magne  tic  Indue  ti on" -Ewing . 

5.  Phil. Trans . 1885 ,Vol .176 . "I lagne t i za t i on  of  Iron" -Hopkinson. 
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was  taken.     This  magneto  was  about  6,5  inches  high,  and  had  a  bore 
of  2.50  inches,  and  a  pole-' iece  length  of  2.5  inches.     A  soft  iron 
core  2.125  inches  in  diameter  and  s  little  longer  than  the  bore  was 
substituted  for  the  regular  armature,  and  supported  on  adjustable 
brackets,  as  shown  in  the  figure,  page  53.    A  form-wound  coil  of 
19  turns  of    #16  cotton-covered  magnet  wire  was  built,  of  such  size 
as  to  fit  around  the  core  when  in  place  in  the  magneto  with  plenty 
of  clearance,  and  provided  with  pivots  at  its  ends,  so  as  to  be 
free  to  swinr  around  the  core  through  b  limited  angle  with  as  little 
friction  as  possible.   (See  figure,  page  33.)     Connections  to  the 
movable  coil  were  made  through  two  strands  of  #30  copper  wire,  the 
small  size  of  wire  being  used  in  order  t;.at  the  friction  should 
be  as  low  as  possible.     A  torque -balance  was  hooked  up  to  the 
moving  coil,  and  a  series  of  readings  of  current  in  the  coil  and 
resultant  torque  were  taken.     The  relation  between  am;ere-tums  and 
torque  was  computed,  for  several  di;;fere:.t    values  of  current,  and 
also  the  flux  density  in  the  gap  was  calculated  from  this  data. 
In  taking  all  readings,  the  balance  was  first  set  for  a  given 
torque,  and  a  reading  of  the  current  required  to  balance  this 
torque  was  taken  with  the  current  increasing,  and  also  with  the 
current  decreasing,  and  a  mean  of  these  readings  used  in  the 
calculations.     The  results  obtained  were  far  fron  being  satisfact- 
ory, and  varied  a  great  deal  among  themselves,  probably  owing  to 
the  large  amount  of  friction  in  the  apparatus,  as  well  as  to  the 
errors  inherent  in  reading  and  adjusting  the  torque  balance.  The 
data  taken  in  these  experiments  are  n-iven  on  page  44. 

Since  these  results  were  so  unsatisfactory,  it  was  decided 
to  make  some  actual  measurements  of  the  flux  density  in  the  air-gap, 


14. 

by  means  of  a  Grassot  fluxmeter.     The  fluxmeter  consists  of  a 
D'Arsonval  type  galvanometer,  with  a  moving  element  having  a  high 
moment  of  inertia  and  supported  by  a  practically  torsionless 
suspension.     Owing  to  these  characteristics,  the  deflection 
produced  when  the  instrument  is  connected  to  a  coil  arranged  to 
cut  magnetic  flux  is  directly  proportional  to  the  f'ux  cut  and  the 
number  of  turns  in  the  coil,  and  is  independent  of  the  rate  of 
cutting.    Hence,  on  connecting  an  exploring  coil  to  the  terminals 
01  tiie  instrument  and  moving  the  exploring  coil  into  a  field,  the 
total  flux  through  the  coil  is  found  by  dividing  the  reading  by  the 
number  of  turns  on  the  coil,  and  the  flux  density  is  found  by 
dividing  this  flux  by  the  area  of  the  coil.     In  this  fiist  series 
of  tests,  another  core  having  a  diameter  of  2.25  inches  was  con- 
structed, thus  giving  two  available  gap  lengths  for  test  purposes. 
A  small  exploring  coil  of  100  turns  of  #  30  enamelled  wire  wound  on 
a  small  brass  frame  was  then  made.     But  in  mrking  the  measurements 
difficulty  was  experienced  in  getting  this  coil  in  the  gap,  so  the 
brass  frame  was  cut  off  and  the  coil  was  used  i n  the  loose  form. 
In  taking  readings,  the  coil  was  connected  to  the  fluxmeter  and 
readings  taken  both  when  the  coil  was  inserted  in  the  g< p  and  when 
it  was  removed.     The  coil  being  so  loosely  wound,  its  area  was  not 
exactly  constant,  which  accounts  for  the  differences  in  the  readings 
obtained  in  the  two  cases.     On  this  account,  too,  it  v;as  impossible 
to  obtain  an  accurate  measurement  of  the  area  of  the  coil,  hence 
the  values  of  flux  density  are  not  very  accurate.     The  data  obtained 
are  given  on  page  45. 

It  was  finally  decided  that  the  datt  obtained  thus  far  was 
not  by  any  means  sufficient  for  tl.e  purpose  of  making  calculations 
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of  the  flux  density  under  widely  different  conditions.  Consequently 

it  was  planned  to  conduct  a  series  of  experiments  on  permanent 
magnets,  using  pole-pieces  with  a  variable  air-gap,  and  measuring 
the  flux  density  in  the  gap  by  means  of  the  fluxmeter.  Accordingly, 
two  pole-pieces  of  soft  iron  were  made,  about  an  inch  wide,  0,25 
inches  thick,  and  two  or  three  inches  in  length,  the  actual  area 
being  1.5  sc.  cm.    At  first  a  coil  of  100  turns  of  #26  copper  wire 
was  wound  on  one  leg  of  the  magnet,  which  had  been  removed  from  the 
magneto.     Then  an  attempt  was  made  to  determine  the  variation  of 
flux  through  this  coil  when  the  pole-pieces  were  adjusted  to  give 
different  gap  distances,  the  pole-pieces  being  held  in  position 
by  hand  and  the  gap  distance  measured.     It  was  at  once  evident 
that  this  method  would  not  give  the  flux  through  the  gap  alone, 
but  would  indicate  the  total  flux  through  the  pole-tip,  and  hence 
would  be  in  error.     Also  the  difficulty  of  manipulation  of  the 
apparatus  as  arranged  made  it  advisable  to  devise  e  different 
method  of  making  the  experinen bs« 

The  next  step  was  to  make  a  copper  sleeve  just  large 
enough  to  fit  rather  loosely  over  the  pole-pieces,  and  nearly  as 
long  as  the  distance  between  the  pole-tips  of  the  magnet,  which 
was  of  the  horse-shoe  form.     A  coil  of  100  turns  of  ;^26  magnet 
wire  was  wound  on  this  sleeve,  in  two  layers,  makinr  a  coil  about 
two  inches  in  length.     Then  a  set  of  spacers  of  non-magnetic 
material,  of  the  same  section  as  the  pole-pieces  but  of  varying 
lengths,  were  made,  ranging  in  length  from  .05  inches  up  to  2.0 
inches.    3y  jutting  these  spacers  between  the  pole-pieces,  any 
gap  distance  desired  could  be  obtained,  ranging  from  .05  inches 
up  to  the  naxir.vam  distance  between  poles  by  intervals  of  .05  inches. 


16. 

In  taking  readings  with  this  apparatus,  the  pole-pieces, 
separated  by  the  desired  spacers,  were  placed  within  the  sleeve 
on  which  the  coil  was  wound,  and  the  coil  connected  to  the 
terminals  of  a  galvanometer.     The  galvanometer  was  one  having  a 
long  natural  period  of  oscillation  and  designed  especially  for 
making  flux  measurements,  and  calibrated  for  this  work.     On  placing 
the  combination  of  pole-pieces  and  coil  across  the  ends  of  the  poles 
of  the  horse-shoc  magnet,  a  deflection  would  be  obtained  proportion- 
al to  the  flux  through  the  coil  and  practically  independent  of  the 
rate  of  cutting  flux, within  a  second  or  so.     The  value  of  the  flux 
in  maxwells  could  be  calculated  from  the  calibration  constants  of 
the  galvanometer.    A  series  of  readings  were  taken,  covering  a 
wide  range  of  gap  lengths.     It  was  found  that  this  method  of 
flux-measurement  was  rather  slow,  and  so  recouise  was  had  to  a 
Grasaot  fluzmeter,  for    hich  special  permission  had  to  be  secured. 

Using  the  fluxmetor,  a  series  of  readings  of  the  flux 
through  the  air-gap  for  a  wide  range  of  different  air-gaps  was 
made,  the  test  magnet  employed  being  one  removed  from  the  magneto 
previously  described.     A  similar  series  of  readings  r/es  taken  with 
a  compound  magnet  removed  from  an  ignition  magneto  made  by  the 
Esterline  Company.     These  readings  were  taken  for  the  two  com- 
ponent :;agnets  separately  and  also  for  the  two  together,  forming 
the  compound  magnet  as  used  in  the  machine. 

After  plotting  curves  of  the  results  obtained  from  this 
series  of  experiments,  it  was  evident  that  the  data  were  in  error 
owing  to  the  great  length  of  coil  employed.     On  accoaait  of  this, 
ti.e  end  turns  of  the  ceil  were  cut  by  leakage  flux  from  the 
pole-pieces,  whioh  did  not  pass  through  the  air-gap,  and  con- 
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■equently  the  values  of  flux  obtained  were  too  large. 

To  eliminate  these  errors,  another  coil  was  made.  The 
copper  sleeve  used  "before  was  retained,  and  a  slit  was  cut  in  its 
side  for  elmost  the  full  length,  in  order  that    he  position  of  the 
pole-pieces  could  be  observed.     Around  the  center  of  the  sleeve, 
two  coils  of  7^36  enamelled  ./ire  were  wound,  one  of  50  turns  and  one 
of  100  turns,  and  conm  cted  in  series.     Three  leads  of  #£6  wire 
were  attached  to  the  sleeve,  and  t/je   ends  of  the  coils  soldered  to 
the  leads,  in  such  a  way  that  therr  were  50  turns  be  /ween  leads 
#1  and#2,  100  turns  between  leads  #2  and  f&t  and  150  turns  between 
leads  £l  and  $3. 

With  this  new  apparatus,  another    series  of  readings  was 
obtained,  using  in  this  case  onl;.  the  compound  magnet  of  the  igni- 
tion generator.     In  the  manipulation,  the  desire",  leads  of  the  coil 
were  connected  to  the  fluxmeter,  and  the  pole-pieces  and  spacers 
inserted  in  the  sleeve  as  before.  A  reading  of  bhe  fluxmeter 
would  be  obtained  on  placing  the  pole-pieces  across  the  ends  of 
the  magnet,  and  again  on  removing  the  same.     The  air-gtp  -;:as  varied 
from  zero  up  to  the  full  dista:  ce  between  poles  of  the  magnet,  and 
corresponding  values  of  the  flux  determined.     The  number  >f  turns 
in  the  coil  was  varied,  b2'  using  different  leads,  in  order  that 
sufficiently  large  deflections  could  be  obtained  with  low  flux 
densities,  and  also  to  keep  the  deflections  within  the  limits  of 
the  scale  with  high  flux  densities.     In  the  manipulation,  care  was 
taken  to  see  that  the  coil  was  always  at  the  middle  of  the  gap.  A 
duplicate  of  the  first  compound  magnet  was  obtained,  and  another 
series  of  readings  with  the  the  two  magnets  clamped  together  was 
taken.     Curves  were  plotted  from  the  data  thus  obtained,  showing 
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the  relation  between  total  flux  and  air-gap  reluctance,  total  flux 
and  gap  length,  and  magnetomotive  force  consumed  in  the  gap.  (See 
pages    57  to  41. ) 

In  order  to  make  the  data  still  more  complete,  it  was  decided 
to  make  pole-pieces  of  a  larger  section  and  repeat  the  above 
experiments  with  the  new  pole-pieces.     A  slightly  different  plan 
was  adopted  in  this  case,  because  the  pole  section  chosen  was 
considerably-  larger  than  the  section  of  the  magnet.  It  was  decided 
to  make  a  set  of  pole-pieces  of  the  same  cross-section  but  of 
different  lengths,  that  would  fit  between  the  pole-tips  of  the 
magnets,  and  the  Variation  of  length  of  poDe-pieces  would  give  the 
desired  variation  of  air-gap  length.     To  this  end,  five  soft-iron 
pole-pieces  were  made,  each  having  a  cross-section  1.7  in.  by  0.7L 
in.  and  an  area  of  5.8  sq.cm. ,  but  of  different  lengths,  giving 
ten  different  gap  lengths  by  the  different  combinations .     An  ex- 
ploring coil,  wound  on  a  copper  sleeve  and  similar  in  every  detail 
to  the  one  described  in  the  preceding  paragraph,  but  of  a  size  to 
just  fit  over  the  new  pole-pieces,  was  made. 

Using  this  new  apparatus,  f.iother  series  of  observations 
similar  to  the  last  was  made.     In  manipulation,  the  proper  leads 
from  the  coil  were  connected  to  the  fluxmeter.     Then  the  desired 
pole-pieces  were  selected  and  inserted  in  the  copper  sleeve  on 
which  the  coil  was  vound,  and  the  whole  placed  between  the  poles 
of  the  magnet.     The  pole-pieces  were  naturally  attracted  to  the 
magnet  poles,  and  held  firmly  against  them,  so  that  no  spacing 
pieces  were  necessary.     In  every  case  care  was  taken  to  see  that 
the  coil  was  as  near  the  middle  of  the  gap  as  possible,  in  order 
to  get  tlie  most  accurate  readine-s  of  the  flux  through  the  gap  alone. 


19. 

A  reading  of  the  fluxmeter  was  obtained  on  placing  the  pole-pieces 
in  ti:e  space  between  the  magnet  poles,  and  again  when  they  were 
removed  from  the  field.    A  complete  series  of  readings  was  taken, 
with  different  air-gaps,  using  first  a  single  magnet,  and  then  the 
two  magnets  clamped  together.     Curves  were  plotted  as  before. 


In  working  up  the  data  obtained  in  the  manner  .just  described, 
an  attempt  was  mode  to  formulate  a  theory  or  at  least  an  empirical 
formula  concerning  the  relation  between    the  flux  density  in  the 
air-gap  of  a  permanent  magnet  and  the  dimensions  of  the  magnet  and 
gap.    An  approximate  formula  was  developed  rationally,  in  the 
following  manner. 

The  flux  in  eny  magnetic  circuit  is  given  by  the  formula 

where  $  is  the  total  flux,    $  the  magnetomotive  force,  and  A7  the 
reluctance  of  the  magnetic  circuit.     Since  the  path  of  the  flux 
from  a  permanent  magnet  consists  of  '.wo  parts,  one  of  air  and  one 
of  steel,  the  formula  may  be  written 

K,    being  the  reluctance  of  the  steel  path,  and  ^  that  of  the 
air  path.     The  reluctmce  of  any  magnetic  circuit  is 


L 
t  / 

where  L    is  the  length  of  the  path,  A  the  cross-section  of  the 
path,  a:.d  ^   the  permeability.     ?or  air,  ^  is  unity,  while  for 
steel  it  varies  through  a  wide  range  and  depends  on  the  saturation 
or  flux  density.     The  total  flux  through  a  permanent  magnet  does 
not  vary  a  great  deal,  as  may  be  readily  shown  by  winding  a  coil 
of  wire  around  the  mi .die  of  a  magnet  amd  alternately  removing  and 
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replacing  the  armature  or  keeper  very  little  change  of  flux  is 

observed.    Hence,  it  is  fairly  within  the  limits  of ■ allowable 
error  to  assume  that  the  permeability  of  the  steel  of  a  permanent 
magnet  is  constant.  Using  k   for  the  pemeability  of  the  steel 
path,  and  unity  for  that  of  the  air  path,  and  substituting  the 
expressions  for  reluctance  in  the  original  formula, 

ft  A. 

the  subscript  1  referring  to  the  steel  part  of  the  path, and  the 
subscript  £  referring  to  the  air  part  of  the  path.     It  is  a  fairly 
well  established  fact  that  the  magnetomotive  force  of  a  permanent 
magnet  is. directly  proportional  to  its  length,  hence  the  formula 
becomes 

A  L>  A   L'  - 

+    ^  **  At 

where    A    is  substituted  for        and    B    is  substituted  for  -j- 
The  flux  density  in  the  air-gap  is  the  total  flux  divided  by  the 
area  of  the  gap,  hence 


=    Jt  -  A  L>   (6) 


/3-  t 


For  any  given  magnet  and  set  of  pole-pieces,     the  length  of  the 
magnet    L,    and  the  areas  A,  and         are  constant,  and  the  formula 
may  be  reduced  to  this  form 

— ^ —  (?) 

where  II  and  IT  are  constants,  and    Lg  is  the  length  of  the  air-gap. 
It  will  be  noted  that  this  is  the  formula    for  an  equilateral 
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hyperbola. 

It  is  an  easy  matter  to  cheok  up  this  formula.     Prom  this 
formula,  the  reciprocal  of  the  flux  density  is 


<3  m 

which  is  a  straight  line  equation.     To  check  up  the  theory,  the 
values  of  flux  density  found  by  experiment  were  taken,  and  their 
reciprocals  plotted  against  the  gap  length.     The  plotted  points 
came  very  close  to  forming  a  straight  line,  as  v/ill  be  seen  from 
the  curves,  page  42.  Evidently,  then,  this  formula  represents  with 
a  fair  degree  of  accuracy  the  relation  between  the  flux  density 
and  the  gap  length. 

The  next  tiling  was  to  determine  what  the  relation  between 
the  dimensions  of  the  magnet  and  gap  and  the  values  of  the 
constants    U    and  H    was.     To  this  end,  the  expressi02i  given  in 
equation    (6)    was  inverted,  thus: 


which  reduces  to 


a  '   jt,  


&        A    A,  At-,  (10) 

Using  the  curves  between  the  reciprocal  of  the  density  and  the 
length  of  gap  lust  referred  to,  the  values  of  the  constants  A 
and    B      were  found  by  calculation  for  the   four  cases  in  the 
experiments.     It  was  found,  however,  that  the  values  of  these 
constants  as  found  from  the  different  cases  did  not  agree  very 
closely,  and  that  the  formula  developed  for  any  one  case  did  not 
fit  the  other  cases  with  any  great  degree  of  accuracy.     It  was 
evident  that  the  relations  between  the  constants    II    and  IT  and 
the  gap  and  magnet  dimensions  were  not  exactly  what  had  been 


22. 

supposed.     The  data  taken  in  the  experiments  performed  in  this 
connection  did  not  cover  a  sufficient  range  of  conditions  to  make 
a  complete  study  of  these  relations,  and  so  the  master  was  dropped, 
and  other  methods  resorted  to  in  determining  the  density  in  the  air- 
gap,  which  will  be  taken  up  under  the  design  of  the  meter.    But  it 
is  very  evident  that  the  flux  density  in  the  gap  follows  a  curve 
closely  approximating  an  equilateral  hyperbola,  and  that  it  can 
he  expressed  algebraically  by  means  of  an  equation  of  the  form 
given. 


IV. 

DESIGI!  Or  THE  METER. 


It  was  apparent  at  the  outset  that  the  first  thing  to  be 
done  was  to  get  some  idea,  more  or  less  accurate,  as  to  the  force 
the  meter  would  have  to  develop.     To  this  end,  experinents  on  the 
friction  in  recording  apparatus  were  made,  as  described  in  the 
preceding  chapter,  and  it  was  concluded  that  the  maximum  pull 
required  to  overcome  the  friction  of  the  pen  and  rod  would  not 
exceed  0.1  ounce,  or  about  2.85  grams.     There  will  be  other  friction 
in  the  meter,  due  to  the  guide  wheels  for  the  cords,  and  the 
friction  of  the  coil  supports.     It  was  assumed  that  with  proper 
design  of  these  parts  the  additional  frictior  would  not  exceed 
another  0.1  ounce,  so  that  a  total  friction  null  of  0,2  ounce  or 
5.66  grams  would  be  required. 

The  conditions  under  which  the  meter  was  to  be  used  required 
that  the  degree  of  accuracy  be  such  that  the  allowable  error  should 
be  only  about  one  per  cent.     Hence,  in  order  that  the  friction 
should  not  introduce  more  than  the  allowable  error,  the  pull  of  the 
meter  on  the  pen  must  be  equivalent  to  100  x  5.66  or  566  grams. 
The  formula  for  force  developed    in  a  coil  gives  the  force  in 
dynes,    hence  it    is  desirable  to  express  the  force  required  in 
dynes,  which  will  be  5G6  x  980  or  550,000  dynes,  assuming  that 
one  gram  is  equal  to  980  dynes.     The  length  of  scale  or  maximum 
deflection  corresponding  to  this  force  was  also  fixed  by  the 
conditions  of  service  at  about  4  inches,  or  10  centimeters. 

The  two  different  meters  to  be  designed  would  both  have 
essentially  the  same  ; iec ^.anicc.l  characteristics.     The  voltmeter 
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should  take  a  sma.ll  current,  but  in  this  particular  case  a  current 
of  perhaps  one  or  two  amperes  would  not  be  considered  excessive, 
and  would  not  seriouly  impair  the  accuracy  of  the  readings.  The 
meter  element  would,  of  course,  be  used  in  series  with  a  resistance. 
In  the  case  of  the  ammeter,  two  possible  designs  might  be  adopted — 
the  meter  might  be  designed  to  carry  the  total  current  of  400 
c.mperes,  or  it  might  be  designed  to  be  used  in  connection  with 
s  shunt,  in  which  case  it  would  take  only  a  small  current.  The 
principle  advantage  of  the  shunt  type  is  that  the  same  meter 
element  as  is  used  in  the  voltmeter  could  be  used  for  the  ammeter, 
but  it  possesses  the  disadvantage  that  it  would  require  a  large 
power  consuming  shunt,  especially  if  the  drop  through  the  meter  is 
large.     The  total  current  type  is  without  this  disadvantage,  but 
it  has  certain  obstacles  in  the  way  01  gettiag  the  current  to 
the  moving  coil. 

It  was  decided,  the:.,  to  begin  by  making  calculations  for 
the  design  of  a  meter  carrying  about    1.5    amperes,  since  if  this 
proved  satisfactory  it  could  be  used  both  for  the  voltmeter,  in 
series  with  a  resistance,  and  for  the  ammeter,  in  parallel  with 
a  shunt.     The  allowable  current  density  in  copper  conductors 
ranges  from  about  550  circular  mils  per  ampere  for  armatures,  to 
about  1400  circular  mils  per  ampere  in  transformers,  field  coils, 
etc.      ]  umber  20  wire  has  a  sectional  area  of  1,022  cm.  ,  and 
using  this  size  of  wire  with  a  current  of  1.5  amperes  ~ives  a 
current  density  of  680  cm.  per  ampere,  which  oomes  sufficiently 
within  the  allowable  limits  to  be  used  as  a  basis  for  computation, 
at  least.     In  fact,  the  determining  factor  will  be  t^e  watts 
developed  in  the  coil  per  square  inch  of  radiat ing surface ,  rather 
than    the  current  density  in  the  conductor.      A  bore  of  6.0  cm. 


25. 

which  is  about  2.5  inches,  was  selected  as  being  a  convenient  size 
and  suitable  for  the  purpose  of  preliminary  calculations.     It  was 
also  decided  to  use  magnet  bars  of  a  total  length  of  about  15 
Inches, oi*  38  cm.,  as  that  length  is  commonly  used  commercially  in 
magnetos,  etc.,  and  all  the  experimental  data  were  taken  with 
magnets  of  such  a  length,  so  that  the  use  of  other  lengths  in  the 
calculations  did  not  seem  to  be  justified.    A  magnet  section  of 
1.25  inches  by  0,25  inches  was  selected,  this  being  a  common 
commercial  size  and  convenient,  and  it  './as  thought  best  to  have 
the  magnets  bent  on  the  narrow  edge. 

In  going  over  the  calculations  for  the  dimensions  of  the 
coil,  it  was  found  that  a  maximum  effectiveness  is  obtained  when 
the    width  of  the  coil  is    equal  to  half  the  length  of  arc 
allowed  for  the  coil  and  its  movement.  A  meter  must  be  capable 
of  developing  a  certain  force  through  a  certain  distance ,  the 
deflection,  and  hence  for  any  indication  it  does  a  certain  amount 
of  work.      Let  I  be  the  length  of  arc  allowed  for  the  coil  and 
its  movement,  and  let  x  be  the  width  of  the  coil.     Then  the 
maximum  deflection  that  may  be  obtained  is    y,  or    1  -  x. 
Assuming  a  constant  air-gap,  and  hence  constant  flux  density, 
constant  thickness  of  coil,  constant  size  of  wire  and  constant 
current,  the  force  developed  by  the  coil  will  be  directly 
proportional  to  its  width,  x.     Then  the  work  done  by  the  coil  is 
xy    or  x  (L-x)  =    Lx  -  xfc      This  is  a  maximum  when  its  derivative 
is  zero,  or      L  -  2x  =  0  .    Hence,  the  work  done  by  the  coil  under 
given  conditions  of  current,  size  of  wire,  and  air-gap,  is  a 
maximum  when  the  width  of  the  coil  is  half  of  the  available  space 
for  the  coil  and  its  movement.      For  this  reason,  all  calculations 
were  based  on  a  coil  whose  width  was  half  of  the  available  space. 
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However,  when  it  came  to  the  calculation  of  the  meter  carrying 
the  total  current,  this  formula  did  not  apply,  because  in  that 
case  the  ampere -turns  were  of  necessity  constant. 

The  method  followed  in  the  calculations  will  now  be  out- 
lined.    Starting  with  a  given  diameter  of  bore,  the  circumference 
of  the  bore  was  found,  and  the  width  of  each  pole-face  determined, 
assuming  a  gap  of  about  2.5  cm.  between  pole-tips.     Then  subtracting 
clearance  of  about  0.3  cm.  on  each  side  of  the  pole-f?ce  gave  the 
allowable  coil  space.     The  coil  width  was  made  half  this  length,  . 
Since  under  that  condition  the  effectiveness  of  the  coil  is  a 
maximum,     llext  a  size  of  wire  capable  of  carrying  the  current  was 
selected,  and  fitted  into  the  coil  width,  and  then  the  number  of 
layers  in  the  coil  chosen.  Allowing  about  0.1  cm.  clearance  on 
each  side  of  the  coil,  determined  the  necessary  air-gap,  which  of 
course  was  doubled  to  give  the  total  air-gap.     The  reluctance  of  the 
total  air-gap  was  then  figured,  by  dividing  the  length  of  the  gap 
by  the  area  of  the  gap  section,  per  magnet  bar. 

Prom  tli is  data  the  flux  density  was  determined  in  the 
manner  about  to  be  decribed.     The  reluctance  of  the  gap  was  first 
multiplied  by  the  ratio  of  the  crosr-sectional  areas  of  the  magnet 

bar  used  for  the  meter  and  the  magnet  used  in  the  experiments, 

2  02 

which  in  this  case  was      t.  *        .     This  pives  a  new  value  of  reluc- 

5.80 

tance,  R' ,  and  the  total    flux  corresponding  to  this  reluctance 
was  found  from  the  curve  obtained  from  the  experimental  data.  This 
total  flux  was  multiplied  again  by  the  cross-section  ratio,  giving 
the  total  flux  that  would  be  obtained  in  the  meter  air-gap,  with 
the  assumed  magnet  and  gap  dimensions.     The  flux  density  was  then 
fo'.nd  by  dividing  this  flux  by  the  gap  area. 
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The  basis  for  this  method  of  finding  the  flux  is  entirely 
rational.     In  the  first  place,  the  magnetomotive  force  for  a 
magnet  of  a  given  length  is  constant,  and  since  the  magnet  used 
for  the  meter  had  the  same  length  as  those  used  in  the  experiments , 
it  may  be  assumed  with  very  little  error  that  the  mmf.s  in  the  two 
cases  are  identical.     The  flux  through  the  gap  depends  o#  the  mmf . , 
the  reluctance  of  the  gap,  and  the  reluctance  of  the  magnet  itself. 
If  the  magnet  section  is  increased  to  an  area    k    times  the  area 
originally,  the  reluctance  of  the  magnet  will  be  reduced    k  times. 
Then  if  the  reluctance  of  the  air-gap  is  also  reduced  k  times,  the 
total  reluctance  will  be.  reduced    k    times  and  consequently  the 
total  flux  through  the  gap  will  be  increased    k    times,  because 
the  mmf.  is  assumed  to  be  constant.  If  it  is  the  reluctance  of  the 
gap  with  the  increased  section  of  magnet  that  it  is  known,  multiply 
ing  this  reluctance  by    k    will  give  the  reluctance  corresponding 
to  the  original  section,  and  then  the  flux  corresponding  thereto 
being  obtained  fron  a  curve,  the  flux  for  the  larp-er  magnet  and  the 
given  gap  reluctance  is  found  by  multiplying  'jhis  flux  by    k.  This 
is  precisely  the  method  followed  in  the  calculations. 

Having  the  flux,  the  flux  density  is  obtained  by  dividing 
by  the  areaof  the  pole-face,  which  is  near  enough  to  the  gap  area 
to  be  used  in  the  calculations.     Then  the  length  of  coil  required 
is  found  by  means  of  the  formula  for  force  developed  in  a  conductor 
in  a  magnetic  field,  F    =  nILB 

The  force  to  be  developed  with  a  deflection  of  10  cm.  was  calculate 
previously,  but  in  each  case  this  must  be  multiplied  by  the  ratio  o 
maximum  deflection,  10  en.,  to  maximum  coil  movement,    because  the 
movement  of  the  coil  must  be  multiplied  by  the  mechrnism  to  the 
required  value. 
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The  length  of  coil  required  was  calculated  over  a  vide 
range  of  variations,  which  included  varying  the  diameter  of  bore, 
the  size  of  wire,  the  number  of  turns,  and  the  current.     In  cases 
where  the  length  calculated  and  the  current  used  seemed  reasonable, 
the  heating  in  the  coil  in  watts  per  square  was  also  calculated, 
in  ordor  to  get  some  idea  of  the  probable  temperature  rise.  These 
calculations  are  given  in  tabulated  form  on  p.  ges  52  to  56. 

Prom  the  results  of  these  calculations  it  was  evident  that 
the  best  combination  obtainable  was  one  using  a  bore  of  10.0  cm., 
and  a  coil  of  4,000  turns  of  $50  enamelled  wire,  ^rianged  in  24 
layers  with  200  turns  per  layer.     The  current  required  in  this 
case  was  0.20  amperes,  giving  a  heating  of  about  ,548  watts  per 
square  inch,  which  is  allowable  in  this  case  because  it  is  not 
likely  that  the  meter  will  be  used  on  its  maximum  voltage  any 
length  of  time,  if  at  all.     This  size  of  wire  v/as  adopted  p.s  being 
the  smallest  practicable,  since  there  are  mechanical  difficulties 
in  winding,  etc.,  which  practically  prohibit  the  use  of  anything 
smaller  than  -^30  in  a  form-wound  coil.     The  air-gap  required  in 
this  case  was  about  1.0  cm.  in  each  gap,  making  a  total  gap 
length  of  2.0  cm. 

This  coil  had  a  resistance  of  858  ohms,  giving  an  IK  drop 
at  full  scale  deflection  of  172  volts,  with    0.2  amperes.  Since 
the  line  voltage  may  rise  to  600  volts,  it  is  desirable  to  have 
the  range  of  the  instrument  a  little  higher  to  give  it  a  factor 
of  safety.    Hence,  a  maximum  voltage  of  750  v/as  assumed  as  being 
equivalent  to  full  scale  deflection.     To  give  a  current  of  o.2 
amperes  would  require  a  total  resistance  of  3,750  ohms.  Hence 
the  resistance  to  be  used  in  series  with  the  meter  would  have  to 
have  3,750  -858  =  2,892  ohms.     The  total  loss  in  the  meter  and  the 


29. 

resistance  would  be    150  watts  at  750  volts,  of  which  34.4  watts 
would  be  consumed  in  the  meter  itself,  and  115,6  watts  in  the 
resistance. 

The  length  of  coil  required,  14.6  cm.,  is  equal  to  5.75 
inches,  hence  there  would  be  required  25  magnet  bare  0.25  inches 
thick  and  1.25  inches  wide.     These  would  best  be  bent  in  the  form 
of  a  circular  arc  such  that  the  pole-pieces  and  core  would  complete 
the  circle.     The  coil  would  be  form -wound  and  have  a  good  insul- 
ating compound  baked  into  it,  in  order  that  it  may  hold  its 
shape.     There  should  be  in  addition  end-frames  of  aluminum  to 
make  the  coil  more  rigid    and  to  hold  the  bearing-cones.  The 
coil  would  be  supported  on  adjustable  pivots,  and  provided  with 
a  circular  disc  of  aluminum,  to  the  circumference  of  which  the 
cords  would  be  attached.     Two  cords  would  be  used,     one  on  each 
side,  and  each  running  horizontally  out  to  the  side  of  the  table, 
over  two  guide  pulleys,  and  connected  to  opposite  ends  of  the 
bar  carrying  the  pen.     The  force  developed  by  the  coil  would  be 
retarded  by  two  spiral  springs,  fastened  at  its  top  and  bottom. 
The  current  would  be  carried  to  the  coil  by  Wo  small  flexible 
leads. 

It  was  evident  from  the  calculations  for  the  voltmeter 
that  the  shunt  type  of  ammeter  would  be  out  of  the  question, 
because  in  every  case  the  resistance  of  the  meter  was  so  high 
that  with  the  required  current  flowing  through  it  the  voltage 
drop  was  too  high  to  be  even  considered.     A  shunt  giving  a  drop 
of  10  or  15  volts  with  a  current  of  400  amperes  would  waste  too 
much  power  to  be  given  any  serious  consideration.     Hence  it  was 
decided  to  use  a  meter  carrying  the  whole  current  of  400  amperes, 
and  to  get  this  current  to  the  moving  coil  by  means  of  mercury 
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cups.     The  calculations  for  this  type  of  meter  were  made  in  a 
manner  similar  to  those  for  the  voltmeter.     First,  it  was  con- 
sidered that  a  meter  with  a  single  turn  would  give  the  best 
results,  a::d  the  calculations  made  on  thie  basis.   The  calculations 
covered  a  considerable  range  of  variations  and  are  given  in  the 
tabulated  form  on  pages  57  to  61. 

The  best  design  for  the  ammeter  seemed  to  be  one  using 
a  conductor  0.159  cm.   (  1/16  inch)  thick  and  5.0  cm.  in  width,  in 
a  field  with  a  bore  of  10.0  cm.     The  length  required  in  this  case 
was  14.55  cm.,  so  that  the  magnet  structures  for  the  voltmeter 
and  ammeter  would  be  made  identical.     The  heating  in  this  case 
would  be  about  .655  watts  per  square  inch,  which  is  allowable 
for  two  reasons;   (1)  the  maximum  current  will  be  drawn  through 
the  meter  only  for  short  periods  at  a  time,  the  normal  current 
being  only  about  one-fourth  of  the  maximum,  and  (2)  the  surface 
of  the  conductor  is  exposed  directly  to  the  air,  which  means 
that  the  he  at  developed  in  it  does  not  have  to  traverse  a  thick 
mass  of  insulation. 

The  mechanical  features  of  t his  meter  would  be  very 
similar  to  those  of  the  voltmeter,  the  sole  difference  being  in 
the  matter  of  leads.  For  the  ammeter,     the  moving  coil  would 
terminate  in    two  large  leads  dipping  into  deep  mercury  cups, 
to  which  the  meter  terminals  would  be  connected. 

It  was  not  intended  to  design  the  mechanical  details 
of  these  meters,  but  only  to  determine  what  the  electric  and 
magnetic  features  should  be.     Consequently,  the  mechanical 
design  of  the  meter  was  not  made  in    detail,  but  only  roughly 
outlined,  and  the  general  arrangement  of  parts  fixed. 
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C  01!  PLUS  I  GITS, 

The  meter  made  after  the  designs  just  described  v/ouid  no 
doubt  operate  satisfactorily,  and  at  the  same  time  have  the 
desired  characteristic  of  a  rectified  scale.     Cne  objection  to 
this  type  is  its  great  bulk  and  weight.     The  length  of  coil 
required,  and  consequently  the  number  of  mr.gnets,  could  be  re- 
duced   by  increasing  the  length  of  magnet  bars,  as  this  would 
give  a  higher  magnetomotive  force  and  would  incre.se  the  flux 
density  in  the  air-gap.     But  the  reduction  in  magnets  required 
would  not  be  proportional  to  the  increase  in  magnet  length, 
and  the  net  result  would  doubtless  be  to  increase  t'.e  bulk  and 
•.eight  of  the  meter.     The  only  advantage  to  be  gained  would  be 
the  increased  coercive  f?rce  of  the  magnet,  w  ich  might  be 
worth  the  sacrifice,  since  it  means  greater  permanence. 

It  must  be  borne  in  mind  that  the  mechanical  details 
v/ere  not  taken  up  in  this  design,  but  only  suggested,  and  the 
satisfactory  operation  of  the  meter  depends  to  a  great  extent 
on  how  successfully  some  of  the  mechanical  problems  are  met. 
One  of  the  most  important  of t hese  is  that  relating  to  friction. 
The  acciiracy  of  the  instrument  depends  to  a  large  extent  on  the 
reduction  of  friction  to  a  minimum. 

It  would  seem,  all  things  considered,  that  the  D'Arsonval 

type  of  meter  is  not  well  adapted  to  use  as  a  recording  meter, 

at  least  for  this  large  size.     The  possibilities  of  the  meter 

using  an  electromagnet  in  place  01  the  permanent  magnet  still 

appear  to  be  great.  The  -orincipie.  difficulty  to  be  over  come  is 
 [31]  __r_=== 
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the  variation  of  voltage  of  the  storage  "battery  used  to  exoite 
the  electromagnet.     One  possible  solution  might  be  to  use  a 
particular  crrade  of  soft  iron  having  a  low  hysteresis  and  a  high 
permeability.  Then  working  this  iron  beyond  the  saturation  point, 
that  is,  beyond  the  point  where  tiie  slope  of  the  saturation  curve 
becomes  constant,  it  is  quite  possible  that  the  characteristics 
of  the  iron  would  be  such  that  a  large  change  in  magnetizing 
current  would  cause  a  very  small  change  in  the  flux.     Thus ,  if 
an  iron  could  be  found  such  that  in  certain  parts  of  its  range 
a  change  of  10  per  cent  in  the  magnetizing  current  would  produce 
a  change  of  only  half  a  per  cent  or  less  in  the  flux,  this  iron 
could  be  used  to  advantage    in  this  type  of  meter.     The  flux 
density  in  the  air-g^  >  could  be  made  very  much  higher  with  an 
electromagnet  than  with  a  permanent  magnet,  which  is  the 
principle  advantage  this  type  has  over  the  D'Arsonval  type.  It 
is  quite  possible  that  an  iron  such  as  described  exists,  and  at 
any  rate  the  problem  is  well  worth  an  investigation. 
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General  Mechanical  Arrangement  of  Meter* 
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The  Completed  Ileter. 
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DATA  SHEET  I. 


Friction  Tests  On  Recording  Mechanism  of  Test-Gar, 


Friction  on  5-bearing  rod,  with  pen-  (  pen  dry)  3/4  ounce. 

"        "     2 -bearing    "  "       '            "      "  1/2 

"     "       "  "      "  inked,-  1/8  ■ 

"        "     "      "           n  "      "      "    paper  running,    0.1  " 

These  readings  were  taken  by  means  of  a  postal  scale,  the 
smallest  scale  divisions  of  which  werel/4  ounce.     The  data  can 
not  be  said  to  have  any  great  dercree  of  accuracy. 

Tests  made  on  Test-car  17  of  the  Illinois  Central  Railroad, 
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DATA  SHEET  II. 


Test  on  Torque -I Ieasuring  Apparatus. 

To.  1.  2.  3.  4. 

Moment -arms ,  in. 

Torque  Apparatus,     5.0  5,0  5,0  5,0 

"        Balance,        1.0  2.0  3.0  3.0 

Weight  used,  gm.-    0.25  1.0  0.25  1.0 

Moments  ,  gm.  -cm .  , 

Apparatus,  6.25  12.5  2.08  8.33 

Balance,  1.25  5.0  1.25  5.00 

Mean  current , amp. -    .845  .805  .285  .859 

Torque  per  amp- 
turn,  gm.-cm.       .390  .816  .385  .511 

Flux  density,  109  230  108  143 


NO. 

5. 

6. 

7. 

8. 

Moment-arms,  in., 

Apparatus , 

4.0 

4.0 

4.0 

3.0 

Balance , 

1.0 

1.0 

2.0 

1.0 

V/eight  used,  gm.- 

0.25 

1.0 

1.0 

1.0 

Moments  ,  gm.  -cm.  , 

Balance- 

1.25 

5.0 

5.0 

5.0 

Apparatus- 

5.0 

HO.O 

10.0 

15.0 

Mean  current , amp. - 

.561 

1.896 

.651 

.926 

Torque  per  ampere- 

turn,  gm.cn.- 

.475 

.556 

.809 

.854 

Flux  density- 

134 

156 

227 

240 

Tests  made  on  torque -measuring  apparatus,  consisting  of 
a  coil  of  19  turns  of  £16  copper  wire,  supported  so  as  to 
swing  freely  in  the  air-rap    of  a  magneto.  The  armature  of  the 
magneto  was  removed  and  replaced  by  a  core  2.125  in.  in  diameter. 
The  diameter  of  the  bore  was  2.5  in.,  hence  the  air-£~r>  was 
3/16  inch  cr  .1875  in. 
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^lux  Density  in  Air -Gap  of  Magneto  Field, 


Fluxmeter  Readings .  Density  in 

Initial         Final  Difference        Air-Gap . 

A.With  2.25  in.  Core. 


l.In. 

19.0 

5.0 

14.0 

389 

2 . Out . 

5.8 

18.9 

13.1 

363 

3. In. 

15.0 

2.0 

13.0 

360 

4. Out. 

2.0 

15.0 

13.0 

360 

5.  In. 

14.0 

26.0 

12.0 

333 

6 . Out . 

24.5 

11.0 

13.5 

374 

7.  In. 

11.0 

25.5 

12.5 

347 

8 . Out . 

23.0 

9.0 

14.0 

389 

I  lean — 

365 

'ith  2.125  in. 

Core . 

1.  In. 

8.0 

18.0 

10.0 

287 

2.  Out. 

11.0 

0.0 

11.0 

305 

3.  In. 

0.0 

11.5 

11.5 

319 

4.  Out. 

11.5 

0.0 

11.0 

319 

5.  In. 

0.0 

12.0 

12.0 

333 

6.  Out. 

12,0 

0.0 

12.0 

333 

7.  In. 

0.0 

11.0 

11.0 

305 

8.  Out. 

11.0 

-0.5 

11.5 

319 

9.  In. 

-1.0 

11.0 

12.0 

333 

0.  Out. 

11.0 

-1.0 

12.0 

333 

Mean--  319 


These  data  were  taken  with  a  Grassot  fluxmeter,  one  scale 
division  of  which  is  10,000  maxwells.     The  exploring  coil  was 
100  turns  of  ^36  enamelled  wire,  with  an  area  of  about  3.6  sq.cm. 
The  field  structure  used  was  that  from  a  magneto  made  "by  the 
Dayton  Electric  Company,  and  had  a  bore  of  2.5  inches. 


DATA  SHEET  IV. 


46. 


FLUX  DEUSITY  III  AIR-GAP  OF  PERMA2IENT  MAGHETS 


NO. 

1. 

2. 

Gap  length,  in.- 

3.3 

2.0 

"         "  cn. 

8.4 

5.08 

Flusneter  readings 

-3.0 

4.75 

Turns  in  coil- 

150 

150 

Total  flux- 

200 

317 

Flux  density,  B  - 

111 

176 

1,000/B- 

9.0 

5.68 

F-  (mmf.  for  gap) 

932 

895 

R-  (gap  reluctance 

)4.62 

2.8 

3. 

4. 

5. 

6. 

1.5 

1.0 

0.9 

0.8 

3.81 

2.54 

2.286 

2.032 

6.5 

10.0 

11.5 

12.5 

150 

150 

150 

150 

434 

667 

767 

834 

241 

371 

426 

464 

4.15 

2.69 

2.34 

2.15 

918 

943 

975 

941 

2.1 

1.4 

1.26 

1.12 

HO. 

Gap  Length,  in.- 

om.  ,- 
Fluxmeter  readings 
Turns  in  coil- 
Totsl  flux- 
Flux  density,  B- 
1000/B  - 
F- 
R- 


7. 

8. 

9. 

0.7 

0.6 

0.5 

1.778 

1.524 

1.27 

14.5 

17.0 

20.0 

150 

150 

150 

965 

1132 

1533 

536 

630 

742 

1.86 

1.59 

1.55 

955 

961 

944 

.98 

.84 

.70 

10. 

11. 

12. 

0.4 

0.5 

0.25 

1.016 

.762 

.636 

8.0 

10.5 

12.0 

50 

50 

50 

1600 

2100 

2400 

890 

1170 

1335 

1.12 

.855 

.75 

904 

882 

840 

.56 

.42 

.35 

10. 

13. 

14. 

15. 

16. 

17. 

Gap  length,  in.- 

0.20 

0.15 

0.10 

0.05 

0.00 

■  cm.- 

.508 

.381 

.254 

.127 

0.00 

Fluxineter  readings 

-14.0 

18.0 

22.5 

36.5 

82.5 

Turns  in  coil- 

50 

50 

50 

50 

50 

Total  Flux- 

2800 

3600 

4500 

7300 

16500 

Flux  density, B- 

1560 

2000 

2500 

4060 

9180 

1000/B  - 

.64 

.50 

.40 

.246 

.109 

F- 

784 

756 

630 

511 

0 

R- 

.28 

.21 

.14 

.07 

0 

These  readings  were  taken  with  a  single  compound  magnet, 
pole-pieces  with  a  sectional  area  of  1.5  so.cn. ,  and  a  coil  of 
150  turns  of  #36  wire  wound  on  a  copper  sleeve  fitting  around 
the  pole-pieces.     The  magnet  was  of  the  horse-shoe  form,  with  a 
span  of  3.3  inches  and  a  total  bur  length  of  14.75  in.  or  37.4  cm., 
the  bar  section  area  being  5.8  sq.  cm. 

In  the  tabulation,  F    is  the  magnetomotive  force  consumed 
in  the  gap,  and  R    is  the  gap  reluctance,  both  in  c.g.s.  units. 

The  fluxmeter  readings  given  are  each  the  average  of  a 
number  of  readings. 


47. 

DATA  SHEET  V. 


FLUX  DEI! 

SITY  IN 

AIR-GAP 

OF  PERIIANEIIT  IIAGNETS. 

Ho. 

1. 

2. 

3. 

4. 

5. 

6. 

Gap  length,  in.- 

•x  n. 
OmO 

2.0 

1.5 

1.0 

0.9 

0.8 

"         "  cm.- 

8.4 

5.08 

3.01 

2.54 

2.286 

2.032 

Fluxmeter  readings 

-5.0 

6.5 

9.0 

13.0 

15.0 

17.0 

Turns  in  coil- 

150 

150 

150 

150 

150 

150 

Total  flux- 

333 

434 

600 

855 

1000 

1132 

Flux  density  (B)- 

185 

241 

333 

475 

555 

650 

1000/B  - 
F  - 

5.4 

4.15 

3.0 

2.1 

1.8 

1.58 

1540 

1215 

1260 

1200 

1260 

127 

R  - 

4.62 

2.8 

2.1 

1.4 

1.26 

1.12 

No. 

7. 

8. 

Gap  length,  in.- 

0.75 

0.70 

Tr          "  cm.- 

1.91 

1.770 

Fluxmeter  readings 

-18.0 

19.0 

Turns  in  coil- 

150 

150 

Total  flux- 

1200 

1268 

B  - 

667 

704 

1000/B  - 

1.50 

1.42 

I- 

1260 

1240 

R  - 

1.05 

0.98 

9. 

10. 

11. 

12. 

0.60 

0.50 

0.40 

0.30 

1.524 

1.27 

1.016 

0.762 

23.0 

8.5 

11.0 

14.5 

150 

50 

50 

50 

1532 

1700 

2200 

2900 

850 

945 

1220 

1610 

1.175 

1.06 

0.82 

0.62 

1290 

1190 

1235 

1220 

0.84 

0.70 

0.56 

0.42 

No. 

15. 

14. 

15. 

16. 

17. 

18. 

Gap  length,  in.- 

0.25 

0.20 

0.15 

0.10 

0.05 

0.00 

"          "  cm.- 

.635 

.508 

.381 

.254 

.127 

0.00 

Fluxcieter  readings 

-16.5 

19.5 

25.5 

34.0 

56.0 

113.0 

Turns  in  coil- 

50 

50 

50 

50 

50 

50 

Total  flux- 

3300 

3900 

5100 

6800 

11200 

22600 

B  - 

1835 

2170 

2830 

3700 

6230 

12550 

1000/B  - 

.545 

.460 

.355 

.264 

.158 

.080 

F  - 

1160 

1094 

1073 

952 

785 

0 

B  - 

0.35 

0.28 

0.21 

0.14 

0.07 

0 

These  readings  were  taken  with  two  compound  horse -shoe 
magnets,  clamped  together,  and  using  pole-pieces  with  a  sectional 
area  of  1.5  sq.  cm.     The  coil  used  consisted  of  150  turns  of  £36 
enamelled  wire  wound  on  a  copper  sleeve  arranged  to  slip  over 
the  pole-pieces,  the  coil  area  being  1.8  sq.  cm.     The  magnets  had 
a  span  of  5.5  inches,  a  total  bar  length  of  14.75  inches  or 
37.4       cm. ,  and  a  sectional  area  of  5.8  sq.  cm.  each* 

The  fluxmeter  readings  given    are  the  average  for  a 
number  of  observations. 

In  the  tabulation,  F  is  the  magnetomotive  force  consumed 
in  the  gap, and    R    is  the  gap  reluctance. 


48. 


DATA  SHEET  VI. 
FLUX  DENSITY  IIT  AIR-GAP  OF  PERMANENT  MAGNETS. 


TJo. 

1. 

2. 

5. 

4. 

5. 

3-2 

1.4 

1.0 

0.9 

0-8 

"  cm.- 

8.13 

3.66 

2.54 

2.286 

2.032 

-17. 0 

-L  l  •  - 

31.5 

42.  5 

46.5 

51.0 

Turns  in  coil- 

150 

150 

150 

150 

150 

Total  flux- 

1132 

2100 

2830 

5100 

3400 

?1  ny  densitv     "R  — 

141 

262 

354 

387 

425 

1000 /b  - 

7.08 

3.82 

2*82 

2.58 

2.35 

X?  • 

1160 

945 

907 

897 

870 

Xk  • 

1.  024 

0.45 

0.52 

0.  289 

0.  256 

"0  - 

6. 

7. 

8. 

9. 

10. 

0.  7 

vy  ♦  f 

0.  5 

0.3 

0.1 

0.0 

"         ,;  om.- 

1.778 

1.27 

0.762 

0.254 

0.0 

Fluxmeter  readings 

-39.0 

50.5 

35.0 

62.0 

129.4 

Turns  in  ooil- 

100 

100 

50 

50 

50 

Total  flux- 

3900 

5050 

7000 

12400 

25900 

Flux  density,  B  - 

487 

630 

875 

1550 

3240 

1000/B  - 

2.05 

1.59 

1.14 

0.645 

0.308 

F.  - 

874 

808 

672 

39  7 

0 

R.  - 

.224 

.160 

.096 

.032 

0 

This  set  of  readings  was  taken  with  pole-pieces  whose 
sectional  area  was  7.91  sq.cm.  and  using  a  coil  of  150  turns  of 
#36  enamelled  wire.     The  magnet  used  was  a  compound  magnet  with 
a  span  of  3.2  inches,  a  bar  length  of  14.75  in.  or  37.4  cm.,  and 
a  bar  section  of  5.8  sq.  cm. 

The  fluxmeter  readings  given  are  each  an  average  of  several 
observations. 

In  the  tabulation,    F    is  the  magnetomotive  force  consumed 
in  the  air-gap,  and      R    is  the  reluctance  of  the  air-gap. 


DATA  SHEET  VII. 


FLUX  DENSITY  II! 

AIR  GAP 

OF  PERMAXTE 

NT  MA.GHBTS 

• 

TTo. 

1. 

2. 

3  . 

4. 

5. 

(IfiT)  1  f*rip*'fc]i     in .  — 

3.2 

1.4 

1.0 

0.9 

0.8 

8.13 

3.66 

2.54 

2.286 

2.032 

Fluxmeter  readings 

-22.3 

40.5 

55.0 

41.0 

46.0 

ThiTns  in  coil  — 

150 

150 

150 

100 

100 

Total  flux- 

1490 

2700 

3670 

4100 

4600 

's1!  n dsnsi  "fcv     B  — 

186 

337 

460 

512 

575 

1000  /B  - 

5.37 

2.97 

2.17 

1.95 

1.74 

F  - 

1530 

1215 

1175 

1180 

1180 

R  - 

1.024 

0.45 

0.32 

0.283 

0.256 

6. 

7. 

8. 

9. 

10. 

Ga"D  length  in.- 

0.7 

0.5 

0.3 

0.1 

0.0 

n           "  cm.- 

1.  778 

1.27 

0.762 

0.254 

0.0 

Fluxmeter  reading's 

-25.0 

32.0 

47.0 

91.5 

42.0 

Turns  in  coil- 

50 

50 

50 

50 

10 

Total  flux- 

5000 

6400 

9400 

18300 

42000 

Flux  density,  B  - 

625 

800 

1175 

2280 

5250 

1000/B  - 

1.6 

1.25 

0.85 

0.438 

0.19 

F  - 

1120 

1025 

902 

585 

0 

R- 

.224 

.160 

.096 

.032 

0 

This  set  of  readings  was  taken  with  pole-pieces  whose  sectional 
area  was  7.91  so. cm.     and  using  a  coil  of  150  turns  of  #36 
enamelled  wire.     The  magnet  used  consisted  of  two  compound 
magnets  clamped  together,  each  having  a  span  of  3.2  inches,  a  bar 
length  of  14.74  in.  or  37.4  cm.,  and  a  bar  section  of  7.91  so. cm. 
In  the  last  observation  (#10),     the  deflection  was  too  large  to 
be  read  when  using  50  turns  in  the  coil,  so  10  turns  of  #26  wire 
were  wrapped  around  the  pole-pieces,  close  to  the  iuntion  of  the 
two;     this  introduced  no  error  because  the  air-g      was  zero. 

The  fluxmeter  readings  given  are  each  the  average  of  a 
number  of  observations. 

In  the  tabulation,    F    is  the  magnetomotive  force  consumed 
in  the  air-gap,  and      R    is  the  reluctance  of  the  gap. 


50. 

SAMPLE  CAXCULATIOITS. 

Assume  a  bore  of  10,0  cm.     This  gives  a  circumference  of  bore 
of  31.416  cm.    Allowing  a  space  of  2.5  cm.  bet-.-een  extreme 
pole-tips    leaves    31.416  -  5.0  or  about  26,4  cm.  for  the 
total  pole -face  width.     Then  the  width  of  pole-face  is  a  half 
of  this  or  13.2  on. 

The  magnet  bars  used  are  assumed  to  be  1.25  in.  by  .85  in.  Hence, 
the  area  of  pole -face  (which  is  practically  the  same  as  the 
area  of  the  gap)  per  magnet  bar  is  13.2 ( ,25x2.54)  or  8.32 
sq.  cm. 

The  width  of  coil  should  be  half  of  the  allowable  coil  space. 
Allowing  a  clearance  of  0.4  cm.  at  each  side  of  the  coil, 
leaves  an  allowable  coil  space  of  13.2  -  O.G  or  12.4  cm. 
Hence,  the  coil  width  should  be  6.2  in. 

Use  #30  enamelled  wire,  which  has  a  diameter  of  1.13  mils  or 
•o3o  cm.     This  would  require  2o7  turns  per  layer,  or 
say  200.     Using  200  turns  per  layer,  the  coil  width  will 
bo  6.0  cm. 

The  coil  movement  will  be  12.4  -  6.0  or  6.4  cm.     Hence,  the  force 
that  must  be  developed  by  the  coil  will  be  550,000 
or  860,000  dynes. 

The  reluctance  of  the  air-gap  is  the  length  divided  by  the  area. 
The  length  of  air-gap  depends  on'  the  number  of  layers  used  in 
the  winding.    Assuming  24  layers  to  be  used,  the  thickness  of 
the  coil  will  bo  24x.030  or  0.72  en.     Allowing  clearance  of, 
say,  o.28  cm.     gives  a  gap  length  of  1.00  cm.     There  will  bo 
two  gaps,  of  course,  one  on  either  side  of  the  circular  core, 
and  the  total  gap  length  will  hence  be  2.00  cm.     The  reluct- 


ance  of  this  gap  is    2*00      or  0.241  oersteds. 

8.32 

To  find  the  flux  through  this  air-gap,  the  gap  reluctance  is  first 
multiplied  by  the  ratio  of  the  magnet  sections.     The  section 
area  of  the  magnets  to  be  used  is  1.25x. 25x6.45  or  2.02  sq.cm. 

The  section  area  of  the  magnet  used  in  one  set  of  experiments 
was  5.8  sq.  cm.  and  in  the  other  cases  v/as  11.6  sq. cm. , hence 
this  ratio  is  .348  in  the  first  case  and  ,174  in  t:.e  second. 

Using  those  ratios,  two  values  of  R'  are  obtained,  the  first 

being  .54ox. 241  or     .6840,      and  the  second  being  .174x.241 
or  .0420. 

Referring  to  the  curves  showing  the  relation  between  total  flux 
and  air-gap  reluctance,  determined  experinen tally,  the  fluxes 
corresponding  to  -;;hese  reluctances  are  found.     For  the  first, 
0'   is  7,400,      and  for  the  second    0'  is  15,600.     The  flux 
that  may  be  expected ,     0  ,  is  then  .348x7,400  or  2,580  in 
the  first  case,  and     .174x15,6^0  or  2,710  in  tiie  second, 
the  mean  total  flux  being    2,645.     Dividing  this  by  the 
area,  8.32,     gives  the  probable  flux  density,  306. 

Assuming  a  current  of  0.20  amperes,  the  length  of  coil  required 

is  found  from  the  formula      F  =  InLB 

-.  F  860,000  ,  .  „ 

Thus,     length    =    I      =  — - —      r      on  g  '  ,.n.     =  14.6 

•  jn]3  .20x2x24x200x306 

To  figure  the  heating,  the  surface  of  the  coil  must  be  found. 

This  is  found  jo  be  393  sq.cn. (for  the  part  between  the  poles 
only)     or  61.0  so. in.     The  length  of  wire (in  the  part  between 
the  poles  only)     is  found  to  be  4,600  feet,  which  with  a 
resistance  of  115  ohms  per  1000  feet,  at  50°  c.,  prives  a 
total  resistance  of  530  ohms.   .The  heating  is  IB  or 
.18  x530,  giving  21.2  watts. 


CALCUIATIOIIS. 
TABLE  I. 

Bore  6.0  cm.       Coil  space  6,3  cm.     ^ole-face  area  4.4  sq.cm. 
Coil  movement,  5.15  cm.     Coil  width,  3.15  cm. 
Coil,  of  $  20  enamelled  wire,  35  turns  per  layer. 
Force  required  at  coil,     1,745,000  dynes. 


XiCXj  Cio" 

5 

8 

1  o 

J.  1  if 

pno 

Coil    rP"h  i  c  1m  PSR- 

0.45 

0.  72 

0  90 

0  fiO 

1  00 
x  .  v.; 

1  ?o 

1  u  vctx    ijr ct JJ 

T  ?0 

2  00 

9  AO 

R- 

.273 

.455 

.545 

R'-fl) 

.095 

.;so 

.190 

.0475 

.079 

.095 

0'-(l) 

7,000 

5,000 

4,400 

(2) 

14,800 

10,600 

9,200 

0-  (1) 

2,440 

1,740 

1,540 

(2) 

2,500 

1,790 

1,600 

mean 

2,510 
570 

1,790 
406 

1,565 

B- 

356 

Length:     (  in  cm. 

) 

1.0  amp. 

87.2 

77.0 

70.0 

1.5  amp 

58.0 

51.0 

46.5 

2.0  amp. 

43.6 

38.5 

35.0 

R    is  the  reluctance  of  the  air-gt-p  per  magnet  bar. 

R'     is    R    multiplied  by  the  ratio  of  the  magnet  sections. 

01     is  the  total  flux  corresponding  to  R1 « 

0      is  0'     multiplied  by  the  ratio  of  the  magnet  sections, 

and  is  the  probable  flux  through  the  air-gap. 
B    is  the  flux  density  in  the  air-gap,  and  is  equal  to  0 

divided  by  the  area  of  the  gap. 
The  numbers  (1)    and  (2)     refer  to  the  data  from  the  curves, 

(1)  corresponding  to  the  data  obtained  with  a  single 
magnet,  and  (2)  corresponding  to  the  data  obtained 
with  two  magnets  clamped  together. 


TABLE  II. 
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Bore  of  8.0  cm.      Pole-face  area  6.35  sq.cn.     Coil  space    9.4  cm. 
Coil,  #20  enamelled  wire,  50  turns  per  layer,  width    4.50  cm. 
Coil  movement,  4.90  cm.     Force  at  coil,  1,120,000  dynes. 


layer s- 

5 

8 

10 

Total  Turns - 

250 

400 

oOO 

Coil  Thickness- 

0.45- 

0.  72 

0.90 

Gap  length- 
Total  Gap- 

0.  70 

1.00 

1.20 

1.40 

2.00 

2.40 

R— 

•  2L0 

.315 

.078 

R'-  (1) 

.0765 

.110 

.132 

R1  (2) 

•  0333 

.055 

.066 

(1) 

8  ,000 
16,600 

6  ,400 

5,600 

0'  (2) 

13,400 

12,000 

0-  fl) 

2,790 

2,230 

1,950 

(2) 

2,890 

2,530 

2,090 

mean 

2,840 

2,280 

2,020 

B- 

447 

359 

318 

length,  cm.  ■ 

1.0  amr> .  - 

50.0 

39.0 

35.2 

1.5  » 

33. 3 

26.0 

23.5 

2.0  " 

25.0 

19.5 

17.6 

54 


TABLE  III. 


Bore,  10.0  cm.      Pole-face  area,  8.32  so. on.  Coil  spaoe,  12.4  on. 
Coil,  -20  enanelled  wire:,  70  turns  per  layer,  width    6.20  on. 
Coil  novenent,  6.20  on.     Force,     836,000  dynes. 


1  (J  Oti J.     J.  U.1  lib  — 

K 

a 
o 

1  0 

^0 

«J  «J  vj 

700 

frt-i  1     -j-  ri  "l  r>  Iry)  c  Q  o  _ 
1/  IX  J- O  AxltJ  £3  >-> 

0^5 

0   7  - 

0  QO 

0  70 

1  00 

i  ro 

1  4-0 

2  00 

?  4-0 

R- 

-168 

.  w'lX 

it        i  J- ; 

-  0585 

-  084 

1  00 

•  J.  *J  \J 

(2) 

.0292 

.042 

.050 

0»~  (1) 

9,200 

7,400 
15,600 

6,600 

(2) 

19,000 

14,200 
2,300 

0-  (1) 

3,210 
3,300 

2,580 

(2) 

2,710 

2,470 

nean 

3,255 

2,645 

t~t ,  3o  5 

B 

391 

306 

287 

Length,  on. 

1.0  ano. 

32.2 

25.8 

22.0 

1.5  » 

21.5 

17.2 

14.65 

2.0  " 

16.2 

12.9 

11.0 

TABLE  IV. 


55. 


Using  $£0  enamelled  wire.     The  ooil  thicknesses  and  gap  lengths 

were  so  chosen  as  to  be  the  same  as  those  previouly  calculated, 
avoiding  the  repetition  of  the  flux  computations. 


A  t  0  . 

1 

o 

O 

4 

Bore ,  cm. - 

q  n 
o  •  U 

q  n 

1U.  U 

1U.  U 

Turns  per  layer- 

1DU 

t  An 
lou 

9  nn 
<SUU 

pnn 
&UU 

Ooil  widoii- 

/  A 
4.0 

4.0 

o.  U 

O.  V 

uon  v.; pace  — 

Q  / 

J.C  .  4 

1  9  A 
lc.4 

uon  iiovenen t- 

A  0 

A  Q 
4.  V 

A  A 
D  •  ft 

A  A 
O.  4 

i;  orce  ,  ciyneb  — 

t  i  f>n  nnn 

1  ,  1£U  f  uuu 

o^n  nnn 
oou, uuu 

PAn  nnn 

Layers - 

24 

30 

24 

30 

Total  turns - 

3,600 

4,500 

3,600 

4,500 

Coil  thickness- 

0.72 

0.90 

0.72 

0.90 

Total  Gap- 

2,00 

2.40 

2.00 

2.40 

B-flux  density- 

359 

313 

306 

237 

Length  ,  cm. 
.15  amr). 

28.3 

26.1 

19.5 

16.6 

.10  " 

24.0 

20.7 

16.2 

13.9 

.20  " 

21.6 

19.6 

14.6 

12.5 

.25  " 

17.3 

15.7 

11.7 

10.0 

Similar  calculations  were  made  using  wire  sizes  ^22,  ^24,  and  #26, 
but  these  calculations  did  not  lead  to  anything  better  than  the 
coil  chosen. 


TABLE  V.  56. 
HEATING  CALCULATIONS . 


1  • 

o 

o  . 

A 

. 

Coil  data: 

Table - 

T  T  T 
III. 

T  T  T 
III  . 

T  T  T 
111  • 

IV  • 

Column- 

O 
A 

O 

O 

Current- 

<0.  0 

1.0 

Cm  U 

O.  <oO 

Size  01  lre- 

7*^0 

rr^O 

y^o 

you 

ITo.  of  Turns- 

560 

700 

700 

4  ,  000 

Lcngun  01  0011- 

14.  DO 

±1  •  u 

l^fc  .  o 

6  ? 

6  2 

6-2 

6-0 

Thickness - 

0,72 

0.90 

0.90 

0.72 

Surface,  sq.cm.- 

357 

416 

313 

393 

"  sq.in.- 

55.5 

64.5 

40.5 

61.0 

Length  of  Wire.ft. 

-473 

673 

505 

4,600 

Resistance , 50°C. - 

5.36 

7.62 

5.71 

530 

T/atts  heating- 

21 .  l) 

17.2 

23.8 

21.2 

7,'atts  per  sq.in.- 

.39 

.266 

.47 

.348 

ITo. 

Coil  data: 
Table - 
Column- 
Current  - 
Size  of  wire- 
I!o.  of  turns - 
Length  of  Coil- 
Width  of  Coil- 
Thickness- 
Surface , sq .  cm* - 
"        sq.in. - 
Length  of  wire, ft. 
Resistance  ,50  C- 
Y/atts  heating- 
Vvatts  per  sq.in.- 


5. 

6. 

IV. 

IV. 

4 

4 

0.18 

0.20 

-30 

#30 

5,460 

4,910 

13.9 

12.5 

6.0 

6.0 

.90 

.90 

384 

345 

59.5 

53.6 

5,460 

4,910 

630 

565 

20.4 

22.6 

543 

.423 

Coil  ITo .  4  was  chosen  in  preference  to  ITo. 5,  which  had  less 
heating  in  watte  per  square  inch,  because  the  air-gap  with  ITo.  5 
was  considered  excessive,  being  a  total  of  2.4  cm. 


TABLE  VI. 


57. 


Calculations  for  single -turn  ammeter,  carrying  400  amperes. 
Assumed  a  current  density  of  2,000  amp.  per  sq.in.,  requiring  an 
area  of  0.2  sq.in.  or  1.29  sq.cm. 


NO. 

1. 

2. 

3. 

4. 

Bore- 

6.0 

6.9 

3.0 

8.0 

Pole -face  area- 

4.4 

4.4 

6.32 

6  .  32 

Coil  space- 

6.3 

6.3 

9.4 

9.4 

Width  of  conductor 

-  3.15 

2.00 

4.7 

2.0 

Movement - 

3.15 

4.3 

4.7 

7.4 

Force  required- 

1.750,000 

1,280,000 

1 ,170,000 

742, 0( 

Thickness  - 

0.41 

0.645 

0.275 

0.645 

Total  air-gan- 

1.3 

1.8 

1.0 

1.8 

R- 

0.293 

0.409 

0.227 

0.283 

R»  (U- 

0.102 

0.142 

0.079 

0.0988 

0.051 

0.071 

0.0395 

0.0494 

0'  (D- 

6,600 

5,200 

7,600 

6,500 

(2) 

14,000 

11,600 

16,000 

13,800 

0  (D- 

2,300 

1,810 

2,650 

2,260 

(2)- 

2,440 

2,020 

2,780 

2,400 

mean- 

2,370 

1,915 

2,260 
615 

2,330 

B- 

538 

435 

530 

Length  of  Coil- 

40.6 

56.8 

23.8 

17.5 

TABLE  VII. 


58. 


Calculations  for 

single-turn 

ammeter , 

carrying  400 

amperes . 

!To. 

1. 

O 

2. 

3. 

4. 

Bore-r 

10.  u 

T  A  A 

1U.  u 

T  A  A 
1U.  0 

T  A  A 

1U.  u 

Pole-face  area- 

Q  TO 

P.  ^9 

Coil  space- 

TO  VI 

113.4 

12.4 

TO  / 

12.4 

12.4 

Conductor  , 

!7id  th- 

£  O 

O  •  /-< 

5.0 

A  A 

4.0 

3.0 

-  Thickness- 

/"\    o  ao 

0.  ^Od 

A     O  AO 

0.  208 

A     O  AO 

0#  208 

Total  gap  length- 

0.85 

A     O  C 

0.  85 

A     O  C 

U.  85 

A     O  C 

0.  85 

K- 

•t  r\-j  c 

H1  -   ( 1 ) 

.  UOOD 

(2) 

at  no 
•  U178 

cky      f  i  \ 
\P  -  ( 1 ) 

11 ,  <cUU 

/  9  \ 
\  2  J 

o  o  aaa 
t-fc,  uuu 

f    -     (  1  J 

o  t  yuu 

1  9  \ 
i  2  I 

't.  oon 
«3 ,  o<iU 

mpo  to 
111x7  Cti.1 

3  860 

B-  ( flux  density) 

464 

464 

464 

464 

Coil  movement- 

6.2 

7.4 

8,4 

9.4 

Force  in  dynes- 

886,000 

745,000 

655,000 

585, 0< 

Length  required- 

23.9 

20.0 

17.6 

15.75 

Current  density- 

2,000 

2,500 

3,150 

4,200 

TABLE  VIII. 


Calculations  for  single -turn  amine ter,  carrying  400  amperes. 


no. 

1. 

2. 

3. 

4. 

Bore- 

10.0 

10.0 

10.0 

10.0 

Pole -face  area- 

8.32 

8.32 

8.32 

8.32 

Coil  space- 

12.4 

12.4 

12.4 

12.4 

Conduct  or  - 

'.Vidth- 

6.0 

5.0 

4.0 

3.0 

Thickness- 

0.180 

0.180 

0.180 

0.180 

Total  gap  length- 

0.80 

0.80 

0.80 

0.80 

H- 

.1025 

—  — 

— — 

- — 

R» -(1) 

.0556 

—  — 

— — 

— — 

11,600 

(2) 

22,500 

0  -(1) 

4,04  0 

(2) 

3,920 

mean 

3,980 

B  - 

479 

479 

479 

479 

Coil  movement- 

6.4 

7.4 

8.4 

9  4 

Force,  dynes- 
Length  required- 

860,000 

743,000 

655,000 

585,000 

22.4 

19.4 

17.1 

15.25 

Current  density- 

2,400 

2,900 

3,600 

4,800 

TABLE  IX. 


60. 


Calculations  for  single-turn  ammeter,  carrying  400  amperes. 


:to. 

1. 

2. 

3. 

4. 

Bore- 

10.0 

10.0 

10.0 

10.0 

Pole-face  area- 

8.52 

8.32 

8.32 

8.32 

Coil  space- 

12.4 

12.4 

12.4 

12.4 

Conductor, 

width- 

3.5 

3.0 

2.8 

2.5 

thickness- 

0.159 

0.159 

0.159 

0.159 

Total  gap  length - 

0.75 

0.75 

0.75 

0.75 

K  - 

.084 

.084 

.084 

.084 

R*  -  (1) 

.0292 

— 

-- 

— 

.0146 

— 

— 

— 

0'    -  (1) 

12,000 

— 

— 

— 

(2) 

24,000 

0    -  (1) 

4,100 

(2) 

4.100 

mean 

4,100 

B  - 

502 

502 

502 

502 

Coil  movement- 

8.9 

9  4 

9.6 

9  9 

Force,  dynes- 
Length  required- 

618,000 

585,000 

573,000 

555,000 

15.4 

14.55 

14.25 

13.8 

Current  density- 

4,650 

5,400 

5,800 

6,500 

TABLE  X. 


61 


Heating  calculations  for  ammeter. 


No. 

Coil  data, 

lable- 

Column- 
Length  required- 
Conductor, 

v:idth- 

Thickness- 
Total  gap  length- 
Surface  of  coil, 

Sq.  om.- 

Sq.  in.- 
Resistance ,50  C . - 
Current - 
Heating,  watts- 
■Vatts  per  sq.in.- 


1. 

2. 

VIII 

XI 

4. 

2. 

15.25 

14.55 

3.0 

5.0 

0.180 

0.159 

0.80 

0.75 

194.5 

184.0 

50.1 

28.5 

.000112 

.000117 

400 

400 

18.0 

18.7 

.60 

.655 

3. 

4. 

XI 

XI 

2. 

4. 

14.25 

13.8 

2.8 

2.5 

0.159 

0.159 

0.75 

0.75 

169.0 

147.0 

26.2 

22.8 

.000123 

.0001335 

400 

400 

19.65 

21.3 

.75 

.935 

Ho.  2  was  chosen  in  preference  to  Ho.  1,  which  had  a  lower  heating 
in  watts  per  sq.  in. ,  because  the  former  could  be  made  from 
commercial  plate  copper,  being  just  1/16  inch  thick,  and  also 
because  the  air-gap  in  that  case  was  smaller. 


